This study investigated the potential role of adenosine in cerebral blood flow (CBF) regulation in the neonate during moderate and severe hypotension. Exper iments were done in anesthetized, 1-to 3-day-old piglets. Regional CBF (determined by radio labeled microsphere technique) and cerebral metabolic rate for Oz (CMROz) were measured (a) during normotension and (b) during a 3-min period of moderate (58 ± 9 mm Hg) or severe (36 ± 7 mm Hg) hypotension produced by the inflation of a balloon catheter placed in the aortic root. Measurements of CBF and CMROz were performed successively after intracerebroventricular (i. c. v. ) injections of vehicle (n = 17), the adenosine receptor blocker 8-phenyltheophylline (8-PT, 10 /Lg, n = 14), and the A2-receptor agonist 5'-N-(ethylcarboxamide)adenosine (NECA, 2 ng, n = 8).
Autoregulation (i.e., the maintenance of a con stant cerebral blood flow (CBF) over a range of systemic blood pressure) exists in the neonates (Hernandez et aI., 1980; Laptook et aI., 1982 Laptook et aI., , 1983 Papile et aI., 1985; Leffler et aI., 1986) albeit at a narrower range relative to adults. It is due to an adaptation of the cerebral resistance vessels that constrict in response to an increase in cerebral per fusion pressure and dilate in response to a decrease g-I (p < 0. 05). Administration of 8-PT did not alter these parameters during normotension, but significantly de creased CBF during moderate hypotension compared to postvehicle values (53 ± 11 versus 81 ± 12 ml min -I 100 g-l, P < 0. 05). This loss of autoregulation was com pletely reversed by NECA. During severe hypotension, 8-PT altered the CBF redistribution towards the brain stem. Mean normotensive CSF concentrations of adeno sine (0. 76 ± 0. 26 /LM) increased during moderate (l.40 ± 1. 78 /LM) and severe (2. 60 ± 2. 56/LM, p < 0.05) hypoten sion. These data suggest that, in the newborn, adenosine is an important mediator of the cerebral adaptive re sponse to hypotension, even within the range of autoreg ulation. Key Words: Adenosine-Cerebral blood flow Autoregulation-Hypotension-Newborn-Piglet.
in cerebral perfusion pressure. The mechanisms re sponsible for the CBF regulation during decreases in perfusion pressure are still unclear. In adults, both myogenic and metabolic mechanisms are con sidered to be involved (Heistad and Kontos, 1983; Johnson, 1986) . Adenosine has been proposed as a major metabolic regulator during CBF autoregula tion (Rubio et aI., 1975; Winn et aI., 1980a) . More over, Park et aI. (1988) showed that brain interstitial fluid adenosine concentrations increase during hy potension in the newborn piglet. However, the role of adenosine within the limits of autoregulation is still controversial (Park et aI., 1988; Van Wylen et aI., 1988) . We hypothesized that, in the neonates, adenosine is an important mediator of cerebral va soadaptive changes required to maintain a constant CBF within the range of autoregulation. Using the blockade of the cerebral vessel adenosine receptors in newborn piglets, we determined whether or not adenosine actually played a role in mediating neo natal CBF autoregulation during hypotension.
MATERIALS AND METHODS

Surgical preparation
Seventeen 1-to 3-day-old piglets (weighing 1-1. 5 kg) were studied. Surgical procedures were performed under inspired 2% halothane anesthesia. Three 3. 5 French ar gyle catheters were inserted as follows: (a) in the left ventricle via the left subclavian artery for the injection of radiolabeled microspheres, (b) in the abdominal aorta via one femoral artery for microsphere reference samples, and (c) in the descending aorta via the other femoral ar tery for the determination of systemic blood pressure and heart rate. Polyethylene catheters (Intramedic) were placed in the femoral vein and sagittal sinus for venous and cerebral blood sampling, respectively. Finally, a bal loon catheter (Swan-Ganz # 5) was placed in the aortic root of the aorta via the right carotid artery. The location of the tip of this catheter was confirmed by radiographs. The animals were then allowed 1 h to recover from the surgical procedures and halothane anesthesia. Through out the experiment, the piglets were gently restrained in a prone position in a cloth sling and body temperature was maintained between 38 and 38SC under an infant radiant warmer. They were allowed to breathe spontaneously through a face mask using a gas mixture containing 70% nitrous oxide and 30% oxygen.
Protocol design
The first two periods of the study were done after the intracerebroventricular (i.c.v.) injection of vehicle (0. 5 ml of solvent containing 0.9% NaCI at a pH of 11.6 adjusted with 1 N NaOH, n = 17): (a) during normotension and then (b) during a 3-min period of either moderate (n = 10) or severe (n = 7) hypotension. For the i. c. v. injections, a needle (24 gauge), 13 mm long, was introduced perpen dicularly into one ventricle through the parietal bone (point of entrance: 2 mm caudal to the coronal suture and 4 mm lateral to the midline).
Thirty minutes later, 14 of the 17 animals received an i. c.v. injection of 10 f,Lg of 8-phenyltheophylline (8-PT, a potent adenosine receptor blocker), and measurements were repeated successively during normotension and then either moderate (n = 9) or severe (n = 5) hypoten sion. 8-PT (Sigma) was dissolved in the solvent described above, so that the final concentration was 20 f,Lglml (vol ume injected = 0.5 mO. Preliminary experiments in five piglets demonstrated that i. c. v. injection of vehicle did not affect any of the parameters studied (mean ± SEM CBF was 83 ± 12 and 87 ± 10 ml min-I 100 g-l before and after i. c. v. injection of vehicle, respectively). We also insured that all peripheral and central hemodynamic pa rameters returned to baseline values 30 min after a period of severe hypotension (mean CBF = 85 ± 20 versus 83 ± 12 ml min -I 100 g-l). Since 8-PT induced hyperventila tion in these spontaneously breathing animals, supple mentary CO2 was added to the inspiratory gases in order to maintain normal P aC02 (35-45 mm Hg).
Thirty minutes after the period of hypotension follow ing 8-PT, 8 of the 14 piglets received an i.c.v. injection of 2 ng (0.5 m!) of 5/ -N-(ethylcarboxamide)adenosine (NECA, an adenosine A2-receptor agonist), and were again subjected to moderate (n = 4) or severe (n = 4) hypotension. NECA (Sigma) was dissolved in 0.9% NaCI before use.
Decreases in MABP were obtained by inflation of the balloon catheter. Because the balloon tip was located up stream from the great vessels, its inflation was able to create cerebral and systemic hypotension. Aortic blood pressure was continuously recorded during the inflation of the catheter. Different degrees of hypotension could be obtained by varying the intensity of the balloon inflation. Moderate hypotension was defined as a MABP between 70 and 50 mm Hg and severe hypotension was defined as a MABP < 50 mm Hg.
Measurement of cerebral blood flow
Brain blood flow was measured by radionuclide micro spheres (3-M, Newbrighton, MN, U.S. A.). The micro spheres (mean diameter = 15 f,Lm) were labeled with 51Cr, 46Sr, 141Ce, 95SC, and 85Nb. A bolus of 3 x 105 micro spheres of each label was injected into the left ventricle and the catheter was flushed with 2 ml of saline over a 30-s period. A reference sample was obtained from the aortic catheter, starting lOs before the micro spheres were injected and continued for a total of 70 s at a rate of 2. 0 mllmin using a Harvard withdrawal pump (Heymann et aI. , 1977) .
After the last injection of microspheres, the animal was killed by an overdose of pentobarbital. The location of each catheter was verified at autopsy and the brain was removed, cut into sections, weighed, and counted along with the reference sample blood in a gamma counter (Beckman Biogamma 11). The piglet brain was dissected into 17 different regions, including the following: brain stem structures (pons and medulla), cerebellum, subcor tical structures (thalamus, hypothalamus, hippocampus, and caudate nuclei), peri ventricular area, and cortical structures (the grey and white matter of the olfactory, frontal, parietotemporal, and occipital lobes). Energy from each nuclide was separated by differential spectros copy subtracting the percent interference between nu clides. All tissue samples contained more than 400 micro spheres, and all reference organ samples contained more than 2,000 microspheres. Cardiac output (CO) and organ blood flow were calculated as follows (Heymann et aI. , 1977) :
CBF was evenly distributed between the two cerebral hemispheres.
Monitoring and calculation of the variables
Heart rate and MABP were recorded before, during, and immediately following each microsphere injection, using a Statham pressure transducer and a Grass 7 poly graph recorder. After each injection, blood was obtained from the sagittal sinus and femoral artery for the mea surement of hemoglobin, blood gases (pH, P02, and PC02) using a blood gas analyzer (Radiometer Copen hagen, ABL30, Copenhagen, Denmark), and O2 content (Ca02) using a hemo-oximeter (Radiometer Copenhagen, OSM2). Blood gases were corrected for the body temper ature. Ca02 (vol%) was calculated assuming a hemoglo bin capacity of 1.34 vol/g. Glucose or fluid administration was not necessary since glucose levels remained normal and stable throughout the study. The volume of with drawn blood (3.5 ml) was immediately replaced with hep arinized whole blood from a donor piglet.
Cerebral vascular resistance (CVR) (MABP/CBF), ce rebral metabolic rate for O2 (CMR02) [CBF x (arterialsagittal O2 content)). cerebral oxygen delivery (COD) (CBF x Ca02), and cerebral fractional oxygen extraction (E) (CMR02/COD) were also calculated.
CSF adenosine concentrations
In 12 separate piglets, serial samples of CSF (0.3 ml) were taken from the cisterna magna, during normotension (baseline values), and during a 3-min period of moderate (n = 4) or severe hypotension (n = 8). The cisterna mag na was punctured with a #24 needle by the following technique: the nape of the neck was properly stretched and the needle was introduced perpendicularly at a point just below the nuchal ridge until the appearance of CSF. CSF was collected directly into an ice-cold syringe con taining 0.3 ml solution of 20 IJ.M dipyridamole (adenosine transport inhibitor), 100 IJ.M erythro-9-(2-hydroxy-3nonyl)adenine hydrochloride (EHNA) (adenosine de ami nase inhibitor), and 6 IJ.M indomethacin. Dipyridamole, EHNA, and indomethacin were purchased from Sigma Chemical Company (St. Louis, MO, U.S.A.). These chemicals were freshly dissolved in 0.9% NaCI before use. Samples were immediately centrifuged in order to eliminate any red blood cell contamination. They were then frozen at -70°C until assayed for adenosine and adenosine metabolites concentration by HPLC (Hartwick and Brown, 1976) .
Statistical analysis
The effect of moderate or severe hypotension was as sessed in each treatment group by paired Student's t test.
Comparison of the data after vehicle, 8-PT, and NECA was done by one-way analysis of variance, followed by tests of significance (Sokal and Rohlf, 1981) . After each treatment, percentages of CBF decreases occurring dur ing moderate and severe hypotension were calculated in each piglet from the values obtained during normoten sion. Relationship between CBF and CVR versus MABP was done by polynomial regression. The degree of the polynomial regression was selected as giving the best-fit curve. A probability of less than 0.05 was assumed to denote significant differences. All values are expressed as means ± SD. Table 1 shows the measurements of MABP, heart rate, CO, and arterial and sagittal sinus blood gases after each treatment during the periods of nor motension and moderate and severe hypotension. Blood gas measurements were stable throughout the study in all animals. The inflation of the balloon catheter produced the desired and significant J Cereb Blood Flow Metab, Vol. 11, No. 3, 1991 change in MABP (p < 0.05) during moderate hy potension (range of 50-69 mm Hg, mean of 58.0 mm Hg) and severe hypotension (range of 20-49 mm Hg, mean of 36.6 mm Hg). Heart rate and cardiac output were not significantly altered by moderate hypotension. In contrast, severe hypotension was accompanied by a significant decrease (p < 0.05) in mean (±SD) cardiac output after the injection of vehicle (197 ± 122 versus 396 ± 100 ml min-I kg-I), 8-PT (20 1 ± 18 versus 434 ± 126 ml min-I kg-I), and NECA (167 ± 170 ml min-I kg-I).
RESULTS
Overall, none of these parameters was found to be different between the treatments.
Data on total and regional CBF, CVR, CMR02, COD, and fractional O2 extraction after each treat ment are shown in Table 2 . The i.c.v. injection of vehicle did not significantly alter any of these vari ables during moderate hypotension. However, when the MABP was brought below 50 mm Hg, all regional CBF decreased significantly (from 86 ± 24 to 40 ± 15 ml min -I 100 g -I for the total brain, p < 0.05), leading to a drop in COD and CMR02 (p < 0.05), whereas fractional O2 extraction was main tained at normotensive values. When total CBF measures were plotted as a function of MABP val ues (Fig. lA) , there was a relative plateau of CBF autoregulation between 50 and 100 mm Hg of MABP. Below 50 mm Hg, total CBF decreased sig nificantly from normotensive values. The same pat tern of autoregulation curve was observed in each brain region (data not shown). Mean CVR tended to decrease during the range of autoregulation, but was similar to normotensive values when the MABP was below 50 mm Hg (Table 2 , Fig 2A) .
The i.c.v. injection of 10 I-Lg of 8-PT did not alter the cerebral hemodynamic and metabolic parame ters during normotension. However, during moder ate hypotension, the blockade of the cerebral aden osine receptors caused a significant decrease in total CBF (from 92 ± 18 to 53 ± 11 ml min-I 100 g-I), regional CBF, COD, and CMR02 (p < 0.05 versus normotension and corresponding values ob tained after vehicle injection; see Table 2 ). This loss of cerebral autoregulation during moderate hy potension is shown in Fig. lB . During severe hy potension, all of these measures decreased even further and were only significantly different from those obtained with i. c. v. administration of vehicle in the brainstem (Table 2) . Mter 8-PT, CVR in creased as MABP decreased (Fig. 2B) , and during moderate hypotension, the mean CVR was signifi cantly higher than before 8-PT injection (1.22 ± 0.37 versus 0.73 ± 0. 12 mm Hg ml-I min-I 100 g-I, P < 0.05). The i.c.v. injection of NECA com pletely reversed the effect of 8-PT on total CBF, Values are the mean (±SO) of mean arterial blood pressure (MABP), heart rate, cardiac output (CO), and arterial and sagittal sinus blood gases after intracerebroventricular injections of vehicle, 10 fLg of 8-PT, and 2 ng of NECA, during normotension and moderate and severe hypotension.
NO: not determined. No significant differences noted between the treatments. an = 17, 14, and 0 after vehicle, 8-PT, and NECA, respectively. b n = 10, 9, and 4 after vehicle, 8-PT, and NECA, respectively. C n = 7, 5, and 4 after vehicle, 8-PT, and NECA, respectively.
* p < 0.05 vs. normotension (paired t test).
regional CBF, CVR, and COD. All of these values were significantly different from those obtained with 8-PT (p < 0.05). Although hypotension decreased CBF in all of the brain regions studied, the magnitude of the av erage response varied. During moderate hypoten sion, these variations were not significant after ei ther vehicle or 8-PT. However, during severe hy potension, the least substantial decrease in CBF was noted in the brainstem and the subcortex (p < 0.05 versus the other regions), followed by the cer ebellum, the periventricular area, and the cortex. In contrast to the other brain regions, the post-8-PT decrease in brainstem blood flow was significantly greater than after vehicle (p < 0.05).
The CSF concentrations of adenosine, inosine, and hypoxanthine during normotension and moder ate and severe hypotension are shown in Table 3 . These data are the mean of the peak values obtained between 2 and 5 min. Both moderate and severe hypotensions increased the CSF level of the three purines, and these increases were statistically sig nificant during severe hypotension (p < 0.05 versus normotension) .
DISCUSSION
This study demonstrates that, in newborn piglets, (a) acute severe hypotension increases the CSF adenosine concentrations, (b) CBF is maintained relatively constant between 50 and 100 mm Hg, and (c) adenosine receptor blockade by 8-PT abolishes the phenomenon of autoregulation. These results tend to support the concept that adenosine is a met abolic mediator that participates in CBF regulation during hypotension in the neonate.
U sing the inflation of a balloon catheter placed in the aortic root of the aorta, we obtained the same pattern of autoregulatory curve for the newborn piglets as reported during a more graduated hy potension induced by phlebotomy (Laptook et al., 1982 (Laptook et al., , 1983 . Our data confirm that the newborn an imals are able to autoregulate between 70-100 mm TABLE 2. Regional cerebral blood flow (rCBF), cerebral vascular resistance (CVR), cerebral metabolic rate for oxygen (CMR02), cerebral oxygen delivery (COD), and cerebral oxygen extraction (E), after intracerebroventricular injections a/vehicle, 10 jJ-g of 8-PT, and 2 ng of NECA Values are the mean ± SD of data obtained during normotension and moderate and severe hypotension. ND: not determined. an = 17, 14, and 0 after vehicle, 8-PT, and NECA, respectively. b n = 10, 9, and 4 after vehicle, 8-PT, and NECA, respectively. C n = 7, 5, and 4 after vehicle, 8-PT, and NECA, respectively. * p < 0.05 vs. normotension (paired t test), tp < 0.05 vs. corresponding value after vehicle, :l:p < 0.05 vs. corresponding value after 8-PT, §p < 0.05 vs. corresponding values after vehicle and 8-PT (one-way ANOVA).
Hg and about 50 mm Hg (Hernandez et aI. , 1980; Laptook et aI., 1982 Laptook et aI., , 1983 Papile et aI. , 1985; Lef fler et aI. , 1986) , because of a compensatory vasodi lation and a decrease in CVR. However, below this limit, CBP dropped and CVR could not decrease any longer, suggesting that no further cerebral va sodilation was possible. Such small decreases in CVR have already been demonstrated in newborn animals by Leffler et ai. (1986) and appear to be of less magnitude than in the adults (Heistad and Kon tos, 1983; Van Wylen et aI., 1988) . We noted also that extreme decreases in MABP reincreased the CVR, suggesting a direct relationship between ce rebral perfusion pressure and CBP and a complete pressure passivity of the cerebral vessels below a MABP of 30 mm Hg. Since the autoregulatory ad justment of the cerebral vessels is completed in 3 to 12 s after the induction of hypotension (Kontos et aI. , 1978), it can be assumed that measurements of CBP within 3 min of acute hypotension reflect the actual adaptive response of the cerebral resistance vessels. As in other studies (Hernandez et aI., 1980; Park et aI. , 1988) , we used MABP measurements instead of the unknown local arteriolar pressure to calculate CVR. This appears to be justifiable since a close linear relationship between MABP and pres sure in cerebral arterioles has been demonstrated (Matsuoka and Hossmann, 1981) . All of these re sults indicate that cerebral arterial vessels of the neonate are much less sensitive to the mechanisms of autoregulation during hypotension than those of the adults. They also confirm that newborns have a normal blood pressure range dangerously close to the lower limit of the autoregulatory curve and are particularly vulnerable to small decreases in MABP. The adenosine concentrations in the CSF are lower than those reported in other studies (Park et al., 1987; Phillis et al., 1987) , but comparable to those measured in the piglet interstitial fluids by the dialysis technique . This would suggest that extracellular adenosine is in equilib rium between interstitial and cerebrospinal fluids [CSF does not contain any adenosine deaminase (Winn et al. , 1980b) ]. However, the endfeet of the astrocytes around intracerebral vessels possess high levels of 5' -nucleotidase, which dephosphory lates AMP to adenosine (Kreutzberg et al. , 1978) . It is therefore conceivable that the actual perivascular concentration of adenosine rises more rapidly and to a higher level in response to a small reduction in MABP than both CSF and interstitial fluid measure ments would suggest. The role of adenosine within the limits of autoregulation has been a matter of debate (Winn et al. , 1980a; Phillis et al. , 1987; Park et al. , 1988; Van Wylen et al. , 1988) but is supported in the present study by the dramatic effect of 8-PT on the autoregulatory curve between 70-100 and 50 mm Hg.
It has been previously demonstrated that in creased local delivery of O2 to the brain surface abolished pial arteriolar vasodilation during hy- The curves were obtained by a second-order polynomial re gression.
potension (Kontos et al., 1978) . It was therefore suggested that, during hypotension, a perivascular deficit in O2 was responsible for the release of local vasodilators such as adenosine. The demonstration of a direct relationship between the COD and brain interstitial concentration of adenosine in the new born piglet confirmed this hypothesis . In a previous study, we showed that adeno sine was involved in the cerebrovascular adaptation secondary to moderate hypoxia (40-60 torr) (Lau dignon et al. , 1990) . If such small changes in tissue oxygenation increase the perivascular adenosine concentration, we can speculate that this purine is likely to be involved during small MABP decreases. 2.60 ± 2.56* 1.59 ± 2.14 6.44 ± 6.61* In contrast to our results, Van Wylen et al. (1988) did not observe any effect of 8(p-sulfophenyl)the ophylline (another potent adenosine receptor antag onist) on adult rat CBF during moderate hypoten sion. However, the drug was perfused through a dialysis probe and the measurement of local blood flow by the hydrogen-clearance technique might have included a larger volume of tissue than the volume of tissue in which adenosine receptors were blocked. To our knowledge, the present report is the first study determining the effect of adenosine receptor blockade on both regional and total CBF during hypotension in newborn animals. Since 8-PT significantly increased the CVR during hypoten sion, the decrease in CBF was secondary to the blockade of the cerebral adaptive vasodilation. Moreover, we could demonstrate that the intrace rebral injection of NECA (an A2 receptor agonist) could completely reverse the effect of the adenosine receptor blockade. These data suggest indirectly that the effect of 8-PT on CBF during hypotension was mainly due to the antagonism of the adenosine receptors located on the smooth muscle cells of the cerebral vessels (McBean et al., 1988) .
During severe hypotension, CBF decreased de spite higher CSF or interstitial concentrations of adenosine. As reported previously (Laptook et al., 1983) , hypotension did not similarly affect all of the regions of the newborn brain. Brainstem and sub cortical flow decreases were substantially less than in the other regions. These observations have to be related to the topography of the brain injury with hypoxic-ischemic encephalopathies (Young et al., 1982) . In the brainstem, blood flow was signifi cantly reduced by adenosine receptor blockade. This strongly suggests that during severe hypoten sion, adenosine participates in the relative preser vation of the brainstem blood flow. Another possi ble action of increased extracellular adenosine con centrations during severe hypotension would be to decrease O2 demand by modulating neuronal activ ity through the stimulation of Al receptors (Fred holm and Hedqvist, 1980) . Therefore, adenosine may participate in protecting the brain from hy potension and ischemia (Rudolphi et al., 1987; Swan et aI., 1987) .
In summary, this study supports the concept that adenosine is an important mediator of the total and regional cerebral adaptive response to hypotension during the neonatal period.
